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Atomic clusters with suitable size and composition can be designed to mimic the chemistry of atoms
in the Periodic Table. These clusters which can be viewed as "super atoms" could then form the build-
ing blocks for a class of solids with unique structural, electronic, optical, magnetic, and thermodynamic
properties. Using density-functional calculations, we outline the design principles for these clusters and
describe the role of geometry and electronic shell structure on cluster-cluster interaction.

I. INTRODUCTION

In the last decade, enormous progress has been made
in the synthesis, characterization, and fundamental un-
derstanding of materials with atomic dimension. ' This
has occurred because of innovations in both experimental
and theoretical methods. Using a variety of techniques
such as supersonic jet expansion, molecular- and cluster-
beam epitaxy, chemical vapor deposition, matrix isola-
tion, scanning tunneling microscope, etc., materials with
controlled size and dimension ranging from clusters of a
few atoms to nanostructures with thousands of atoms to
ultrathin films, with nanometer thickness, can be syn-
thesized. The electronic, magnetic, and optical proper-
ties of these mesoscopic systems are unique functions of
their size, composition, and topology. Developments of
theoretical methods aided by powerful computer codes
and high-performance computers have not only made it
possible to analyze complex experimental data, but also
have enabled one to predict properties that can be
verified experimentally. The quantitative accuracy of the
predictions is such that current theoretical methods can
be used to design materials with tailored properties.

These developments are redefining the frontiers of ma-
terials science for the next century. One is now able to
design as well as synthesize materials by manipulating in-
dividual atoms one by one. These atomically engineered
materials include, for example, quantum dots, quantum
wells, and quantum corrals. However, most of these in-
vestigations focus on using atoms as building blocks of
matter. Not much emphasis has been put on synthesizing
materials with alternate building blocks, such as clusters.
If stable clusters can be synthesized to mimic the chemis-
try of atoms in the Periodic Table, an additional class of
materials with tailored properties could be produced by
starting with clusters as building blocks. This phase of
materials, best described as cluster materials, can enable
researchers to construct a three-dimensional Periodic
Table with the size and composition of clusters defining
the third dimension. Since, in principle, there is no limit
to the size and composition of clusters, the possibilities
for additional materials is unlimited. It is not unreason-
able to expect cluster-assembled materials to exhibit
unique properties. Consider, for example, materials with
molecules as building blocks. Water consists of H20

rnolecules as building blocks, and its properties are well
known. A mixture of hydrogen and oxygen atoms in the
same proportion as in the HzO molecule, however, do not
have the same property as water. Unfortunately, the
number of molecular materials is rather limited.

Clusters can be thought of as artificial mnOlecule. That
crystals of clusters can have properties very different
from crystals of the same atoms can be illustrated by
comparing the properties of fulleride, diamond, and
graphite. Each of these materials is composed of carbon
atoms, although fulleride is a crystal of C60 clusters,
while diamond and graphite are crystals with C atoms as
building blocks. The superconducting transition temper-
ature of alkali-doped C60 crystal is an order of magni-
tude higher than that of intercalated graphite. Another
cluster that has the potential for forming additional ma-
terial was recently discovered by Guo, Kerns, and Castle-
man. It consists of transition metal and carbon atoms
with the composition M8C&z and is referred to as metallo-
carbohedrenes, or met-cars. Unlike C60, which forms a
van der Waal's solid, the met-cars are expected to in-
teract with each other more strongly and form a poly-
meric structure. The presence of transition-metal atoms
in the met-car is likely to give a met-car-assembled ma-
terials unusual electrical, magnetic, and optical proper-
ties that are not seen in C60 crystals. Studies of met-car-
assembled materials, however, have to wait until bulk
quantities of these clusters can be produced. It is impor-
tant to realize that both C60 and met-cars were
discovered accidentally. It would be ideal if, by following
some fundamental principles, clusters could be designed
that have the potential of forming a cluster-assembled
material.

These cluster-assembled materials, like molecular crys-
tals, are expected to exhibit unique properties for the fol-
lowing reasons. (1) The electronic band structure of a
solid evolves as the atomic energy levels overlap and
broaden to form a band. The electron energy levels of a
cluster are much more complex than those found in
atoms, and are determined not only by the size and com-
position of the cluster but also by its symmetry. This can
be seen from Fig. 1, which compares energy levels of an
Al atom with those in an icosahedral Al, 3 cluster. Thus
the overlap of cluster energy levels in a cluster solid is
likely to be very different from that in a conventional
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FIG. 1. (a) Energy levels of electrons in an Al atom. {b) En-
ergy levels of electrons in an Al» cluster.

solid. (2) The lattice constant of a cluster-assembled crys-
tal is expected to be large and could also inAuence the
energy-band structure. (3) The phonon spectra of cluster
solids are also susceptible to significant changes due to
the coupling of intracluster and intercluster vibrations.

In recent years the development of laser vaporization
and supersonic jet expansion techniques has enabled
researchers to produce and mass select clusters of virtual-
ly any atom in the Periodic Table. The size of these clus-
ters can range from a few atoms to a few thousand atoms.
By changing the source materials, both homoatomic and
heteroatomic clusters can be produced. Since the proper-
ties of clusters depend strongly on their size and composi-
tion, it is possible to design an unlimited number of clus-
ters that mimic the chemistry of one of the atoms in the
Periodic Table. Materials with tailored properties could
then be synthesized by assembling these clusters into ma-
terials.

One of the disadvantages one could envision of a clus-
ter solid is that it would be in a metastable state, as na-
ture would always follow the path of minimum energy
and give rise to atom-assembled materials in the form we
know today. This metastability should not be a serious
consideration to stand in the way of developing cluster-
assembled materials, since we know that crystals of C6p
clusters, although metastable, can exist for a long time.
To make cluster-assembled materials, one simply has to
change the synthesis technique, whereby the atoms would
first be allowed to form clusters of a certain size and then
be allowed to interact to form the metastable material.

In practice, however, there are serious problems in syn-
thesizing cluster-assembled materials in bulk quantities:
(1) There are no efficient methods for producing mass-
selected clusters in large quantities, although recent pro-
gress in generating cluster beams is slowly taking us in
that direction. (2) Clusters are metastable against further n cluster(r) & Q(R r) (2)

growth. Thus, when clusters are brought together, they
tend to coalesce. Their individual properties are lost and
the merits for synthesizing cluster-assembled materials
disappear. Steps can, however, be taken to prevent clus-
ters from coalescing. Clusters, once produced, can be
mass selected and isolated from each other by embedding
them in matrices such as zeolites, rare-gas solids, biologi-
cal systems, or noninteracting substrates. ' There are
nagging problems, however. The properties of clusters,
for instance, can be influenced by the embedding ma-
trix. "Thus custom design of a cluster-assembled materi-
al must take into account the effect of the matrix. It
would be ideal if clusters could be designed in such a way
that they would retain their structural identity when as-
sembled into a material. To this end, an understanding of
various factors that affect cluster stability and reactivity
is important.

To gain insight into the design of clusters, it is useful to
analyze the electronic structure of metal clusters Uis a Uis

atoms. In Fig. 2(a), we plot the ionization potentials of
atoms' as a function of their atomic number, Z, and
compare this trend with that in Na& clusters' in Fig.
2(b). Note that the ionization potentials of atoms are
characterized by a dominant feature —sharp peaks at
atomic numbers corresponding to rare-gas atoms. The
high ionization potential of rare-gas atoms is due to the
fact that their outermost s and p orbitals are filled
(ns np ), and it costs more energy to excite the electrons
to the next unfilled shell. This also gives these atoms
their chemical inertness and high stability. The less
prominent peaks in the ionization potential correspond to
atoms with filled s shells and half-filled p shells. Conse-
quently, elements with filled s shells and/or half-filled p
shells are more reactive than the rare-gas atoms. These
features disappear when 20 &Z (30. For these elements,
filling of the 3d orbitals muddies the simple shell closure
effects. Comparison of the ionization potentials of atoms
with those of Na& cluster yields some interesting insight.
Note that the ionization potentials for Na& clusters in
Fig. 2(b) exhibit sharp peaks at X =2 and 8. These clus-
ters also appear abundantly in the mass spectra, and are
commonly referred to as magic clusters. For clusters
consisting of more than eight atoms, the ionization po-
tentials continue to oscillate. However, the amplitude of
the oscillations are within the errors of the experiment
and therefore not much physics can be attributed to these
oscillations. Comparison of Figs. 2(a) and 2(b) clearly
suggests that Na& clusters with N=2 and 8 must have
something in common with the noble gas atoms.

The above comparisons lead one to believe that clus-
ters may be thought of as super atoms. ' In an atom, the
positive charge is localized at a point in the nucleus,
namely,

n'+' (r)=Z5(r),
where Z is the atomic number and 5(r) is the Dirac delta
function. In the jellium model of a cluster, ' one can im-
agine that the positive charge of the ions are distributed
over the size of the cluster, namely,
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where no is the homogeneous density of positive ions and
is given by n p =ZU lQp. Z„ is the valence charge, Qp is
the atomic volume, and e is the step function. The ra-
dius R of this jellium cluster is related to the number of
atoms, N, by

The difference between an atom and a super atom (clus-
ter) is due to the extent of localization of the positive
charge. In an atom, the positive charge is localized at the
nucleus. In a jellium model of a cluster, the charge is
smeared over the entire cluster. The potential that the
electrons see due to the positive charges in both cases are
spherically symmetric and the orbital angular momentum
I is a good quantum number. The electrons fill the nl or-
bitals in keeping with the Pauli exclusion principle, al-
though, due to the nature of charge distribution in Eqs.
(1) and (3), the ordering of the nl levels are different. In
atoms, the peal levels correspond to 1g 2s~2p 3g 3p . . . ,
while in clusters they correspond to
ls lp ld' 2s 1 f' 2p . . . [see Fig. 2(c)]. Thus the elec-
tronic shell structures of clusters with 2, 8, 20, . . . elec-
trons are characterized by 1s, 1s 1p, and
1s 1p 1d' 2s . . . , shells respectively. These magic clus-
ters, like the inert gas atoms, have closed electronic
shells. The shells closures contribute to their unusual sta-
bility, as well as to their high ionization thresholds.

The magic number clusters are also chemically inert, as
are the rare-gas atoms. This was demonstrated by
Leuchtner, Harms, and Castleman, ' who studied the re-
action of Al&3 clusters with oxygen. They observed that
while A1,3 reacted strongly, A1&3 was chemically inert.
This can be directly attributed to the electronic shell
structure. The A1,3 cluster has 39 electrons, one short
of completing the outermost 2p shell, whereas
Al &3 represents a closed-shell configuration
( ls21p61d 1P2s 1f 2p )

The above properties of magic clusters imply that they
may be assembled into a material form without the risk
of their coalescing into larger clusters. It is not necessary
that only monovalent atoms should be used to form mag-
ic clusters. One can design a compound cluster in such a
way that the total number of valence electrons equals one
of the magic numbers, N, :

X, = gX'Z, ' . (4)

n, (r) =Z„6(r) n, (r) =Z „B(R r")—
3d 10
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FIG. 2. {a) The ionization potential of atoms as a function of
atomic number. {b)The ionization potential of Na„clusters as a
function of cluster size. {c) Comparison of energy levels in an
atom and a superatom {cluster).

Here X' is the number of metal atoms with Z,' valence
electrons. The summation over i represents the types of
different atoms that make up a cluster. The variations in
X' and Z,' can yield a large number of magic clusters.

In this paper, we focus on the design of clusters that
are likely to keep their structure intact when assembled
in a bulk form. We treat these clusters as super atoms
and show that, by changing their size and composition,
one can create not only chemically inert but also reactive
clusters that mimic the properties of rare gas as well as
reactive atoms. Using the self-consistent molecular-
orbital theory and density-functional method, we have
calculated the energetics and electronic structure of a
number of clusters with varying size and composition.
We have also analyzed, separately, the effect of geometry
and electronic shell structure on cluster reactivity. This
understanding can lead us to design clusters suitable for
forming cluster materials. The paper is organized as fol-
lows.

In Sec. II we briefly outline our theoretical procedure.
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The effect of geometry and electronic shell structure on
cluster reactivity is studied in detail in Sec. III. The elec-
tronic structure of clusters and their assemblies are dis-
cussed in Sec. IV. The conclusions are summarized in
Sec. V.

II. THEORY

The theoretical calculations were carried out using a
linear combination of atomic orbitals —molecular-orbital
(LCAO-MO) approach. The molecular orbitals were ex-
panded in Gaussian basis functions centered at the atom-
ic sites. Further, the core effects were incorporated
through nonlocal norm-conserving pseudopotentials, '

and the exchange-correlation effects were included via
the local-density approximation. In this work, we have
used the form of the exchange-correlation functional'
proposed by Ceperley and Alder and parametrized by
Perdew and Zunger.

The use of pseudopotentials instead of all electrons re-
quires the generation of Gaussian basis sets appropriate
to pseudo-orbitals. To generate these, the pseudoatom
Kohn-Sham equation' was numerically solved on a radi-
al mesh of points. The numerical pseudo-orbitals were
then fitted nonlinearly to a set of Gaussians. The result-
ing basis sets were entirely uncontracted and were tested
by their ability to reproduce one-electron levels, as well
as atomic energy based on the numerical program. They
were further tested by calculating the first and second
ionization potentials and comparing them with those ob-
tained from the numerical program. The basis sets used
in this work consisted of 5s and 4p Gaussians for C and
Al, 4s and 2p Gaussians for Mg, and 4s and 3p Gaussians
for K. The exponents of the Gaussian basis sets are given
in Table I.

The electronic structure of the cluster was determined
by solving the Kohn-Sham equation'

( —ly2v'+ v,.„+v + v„,)lf;&=E,.lg;&

self-consistently. Here V;,„ is the ionic pseudopotential,
V~ is the Hartree potential, and V„, is the exchange-
correlation potential. lP, & is the molecular orbital ex-
panded in terms of the Gaussian basis as

le;&= Zc„.lg, & . (6)
J

Here o. is the spin index, and C; are the coefficients to be
determined via a self-consistent solution of Eq. (5). The
matrix elements of the Hartree and exchange-correlation
potential required to solve Eq. (5) were obtained by ex-
panding these potentials in a set of Gaussians centered at
the atomic sites and in between the bonds. The total en-
ergy was calculated using the local-density expression

z= g (y;l ,'v'+ v,.„lp;&——

+ ,' ff,—dr d r'+ f e„,(r)p(r)d r

zz+1', , lR,. —R,. l

i'

Al

1.229 900
0.829 423
0.118557
0.043 026

7.554 730
2.700 760
0.965 499
0.345 158
0.123 391

2.040 820
0.853 735
0.357 143
0.149 404
0.062 500

0.197700
0.091 357
0.031 926
0.013 521

0.120 692
0.032 466

4.946 190
1.381 860
0.386 064
0.107 858

0.787 821
0.257 422
0.089 965
0.031 891

0.045 000
0.015000
0.008 000

Here p(r) is the charge density at the point r, e„, is the
exchange-correlation energy, and Z; is the charge on the
ith ion located at R;. For details, the reader is referred to
earlier papers. '

The ground-state geometries require energy minimiza-
tion with respect to all geometrical distortions. For small
clusters, the number of possible parameters is small, and
the geometries were optimized by starting from several
random initial configurations. For larger clusters, how-
ever, only symmetric distortions were allowed. These
will be outlined as they appear in the text.

By comparing the energetics of interaction between a
Mg atom and a Mg4 cluster with that between two Mg4
clusters, the effect of electron shell closure on cluster
reactivity can be illustrated. Note that a Mg atom is
characterized by the s-shell closure, whereas a Mg4 clus-
ter is characterized by sp-shell closure. The effect of
geometry and composition on cluster-cluster interaction
is illustrated by comparing the energetics of two interact-
ing Mg4..Mg4 and A12Mg:A12Mg clusters. Each of these
clusters has eight electrons, but different geometry and
composition. Mg4 is a tetrahedron, while A12Mg is tri-
angular. The effect of electronic structure on cluster-
cluster interaction can be further studied by comparing
the energetics between interacting A13.A13 and
AlzMg:A12Mg. The equilibrium geometries of both A13
and A12Mg are triangular, but A13 has nine electrons,
while Al&Mg has eight electrons. On the other hand, an
(A13)2 cluster has 18 electrons and corresponds to the
magic series, while Al3 does not. The interaction between
Al3.A13 and A12Mg:A12Mg can be further compared to
that between Mg4. Mg4 to illustrate the combined effect of
geometry and electronic structure on cluster reactivity.
In Table II, we list the binding-energy per atom and ion-

TABLE I. Exponents (a.u. ) of the Gaussian basis sets em-
ployed in this work.

Element
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TABLE II. Binding energy and ionization potentials of A13,
Al, Mg, Mg4, (Al, )„(A1,Mg)„and (Mg4), clusters based upon
local-spin-density calculations.

Cluster

A13

A12Mg
Mg4
(A13)2
(A12Mg)2

Binding energy
per atom (eV)

1.45
0.96
0.49
0.59
0.53
0.09

Ion. poten.
(eV)

6.91
6.04
6.61

Vertical
HOMO-LUMO

gap (eV)

0.48
0.01
1.95
0.0
0.46
0.72

ization potential of the above clusters. It should be
pointed out that in all these calculations we have con-
sidered only the low-spin configurations, as we are in-
terested in cluster materials.

III. EFFECT OF GEOMETRY AND ELECTRONIC
STRUCTURE

A. The role of electronic shell structure

The outermost electronic shell configuration of a Mg
atom is 3s, and the interaction between two Mg atoms is
characterized by the van der Waal's interaction. Howev-
er, as Mg atoms are assembled to form a crystal, the
strong hybridization' between s and p levels gives rise to
a Mg metal. The Mg4 cluster, on the other hand, is
characterized by 1s 1p shell closure and has an atomiza-
tion energy of 2.00 eV. It is interesting to see if the
1s 1p shells of Mg4 clusters would hybridize when they
are assembled. Would such a cluster-assembled crystal
be metallic? The answer would of course depend upon (a)
the Mg4 clusters retaining their structure after they are
assembled to form a crystal, and (b) the degree to which
Mg4 levels hybridize with each other. To answer this, we
have carried out detailed studies of total energies and
geometrical structure changes, as Mg and Mg4 were al-
lowed to interact separately with another Mg4. The
geometries of the interacting clusters are given in Figs.
3(a) and 3(b). We first discuss the energetics of a pair of

where E(Mg„:Mg ) is the total energy of the two in-
teracting Mg„and Mg clusters at their optimized
configuration, n+m is the total number of atoms, and
E(Mg„) is the energy of an isolated Mg„cluster. Note
that the variation in the geometrical parameters r, s, and
8 are minimal for d 26ao. The energy of the interacting
clusters reaches a minimum when d =5.8ao. At this
point, 8 abruptly changes to 60', while the variation in r
and s still remains small. This rotation of the Mg4 cluster
occurs because of the repulsion between the Mg atoms at
short distances. The structure of the individual clusters
become unstable only when further energy is supplied to
push the clusters to closer proximity. The binding energy
per atom in Eq. (8) of the (Mg4)2 cluster is O. l eV. This is

60.0—

40.0—

20.0—
0.0—
7.0

I I I I

interacting Mg4 clusters. We allowed each Mg4 cluster to
have three degrees of freedom as they approached each
other. For a fixed intercluster distance d between the
basal planes shown in Fig. 3(a), the clusters had the free-
dom to simultaneously rotate about a common axis by an
angle 0 and readjust the bond lengths r and s. At a given
distance d, the optimum values of r, s, and 8 were deter-
mined by minimizing the total energy of the coupled clus-
ters. In Fig. 4, we present the dependence of r, s, and 8,
as well as the binding energy per atom, hE, on the inter-
cluster distance d. hE is defined by

b E= [E(Mg:Mg ) —E(Mg„)—E(Mg ) ]/(n +m ),
(8)

d

C$

L
M

6.0—

5.0—
0.20

I I I I I I I
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0.00—
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-0.1 0—

FIG. 3. Geometries of interacting (a) Mg4. Mg4 and Mg4. Mg
clusters. d is the distance between the basel planes of the
tetrahedras.

I I I I I I I I I I I I I

4.0 5.0 6.0 7.0 8.0 9.0 1 0.0 1 1.0
d (a.u.)

FIG. 4. The dependence of binding energy and cluster pa-
rameters r, s, and 8 on intercluster distance in Mg4. Mg4 in-
teracting clusters. The dotted line in the energy curve corre-
sponds to the interaction energy in the Mg2 molecule.
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very close to the binding energy of the Mg& dimer, which
is also 0.1 eV. Since the Mg2 interaction is known to be
of the van der Waal's type, one can conclude that Mgz-
Mg4 interacts via a van der Waal's mechanism. This is
what one could have expected since the Mg4 cluster, with
its eight electrons, has a closed electronic shell and there-
fore is chemically inert. Can Mg& clusters be assembled
to form a new Mg crystal? This would depend upon how
strongly the Mg4 energy levels overlap when they are as-
sembled to form a crystal. Recall that bulk Mg becomes
metallic even if the Mg2 dimer is van der Waal bonded.
Insight into this problem can be gained by studying the
interaction of a Mg atom with a Mg4 cluster. Is a Mg
atom more reactive than a Mg4 cluster?

The interaction between a Mg atom and Mg4 cluster
was studied by calculating the binding energy and
changes in the Mg4 cluster geometry as a Mg atom was
brought toward a Mg~ cluster [see Fig. 3(b)]. In Fig. 5,
we plot the energetics of interacting Mg4-Mg clusters.
We note that the binding energy per atom of a Mg-Mg4
coupled cluster is also 0.1 eV, which is similar to that in
(Mgz)z, as well as to that in a Mgz dimer. However, the
structural distortion of the Mg4 cluster as a Mg atom is
brought in is somewhat larger than that in Fig. 4. This
indicates that the interaction between two closed-shell
clusters does depend, however weakly, on which shells
are closed. This is consistent with the chemistry of
atoms. An atom with a closed s shell is more reactive
than one with closed sp shells. This aspect is rejected in
the ionization potential, as discussed above in Fig. 1(a).

To understand why an Mg atom can disturb the
geometry of a Mg4 cluster more than another Mg4 can,
we have examined the energy level structures of Mg and
Mg4 clusters. We note that the HOMO-LUMO [highest
(lowest) occupied (unoccupied) molecular orbital] gap and
the ionization potential of the Mg atom are 3.3 and 7.6

0.20

0.'f 0—
0.00—

eV, respectively, while in Mg4 clusters these are 1.9 and
6.6 eV, respectively. Thus if the HOMO-LUMO gap and
the ionization potential were the only deciding factors, a
Mg atom should be more inert than a Mg4 cluster. An
equally important factor that governs cluster reactivity is
also influenced by the degree to which the energy levels
of interacting species hybridize as they approach each
other. The considerable hybridization between s and p
states as Mg atoms come together results from a strong
splitting of the bonding and antibonding states. In the
case of a Mg4 cluster, the LUMO orbital is of d type and
is narrow. The splitting of these narrow orbitals as Mg4
clusters approach each other is small, thus reducing the
changes for overlap. To form cluster assemblies, it may
be preferable to start with clusters that have closed sp
shells.

B. The role of geometry

In Sec. IIA, we demonstrated that the reaction of a
cluster can be influenced by its electronic shell structure.
Here we examine the role of geometry on cluster reactivi-
ty by comparing the interaction between two different
sets of clusters with similar electronic but different atom-
ic structures. Consider, for example, Mg4 and A12Mg
clusters. Both clusters have eight valence electrons.
However, Mg4 is a perfect tetrahedron, while AlzMg can
at best form a two-dimensional structure —far from being
spherical. In addition, A12Mg is composed of two
different kinds of atoms. Thus a comparison between the
binding energies and change of geometrical parameters as
a function of intercluster distance for interacting Mg4-
Mg4 and AlzMg:AlzMg clusters would illustrate the role
of geometry and composition on cluster reactivity.

We found the equilibrium geometry of a single A12Mg
cluster to be triangular. The corresponding geometrical
parameters and its atomization energy are given in Table
II. The two A12Mg clusters were brought together with
the Al-Al bonds perpendicular to each other (see Fig. 6).
At each distance d, we optimized the Al-Al distance s
and Al-Mg distance r. The binding energy per atom of
(A12Mg)2, as a function of d, bE=[E(A12Mg:A12Mg)-
2E (AlzMg)]/6, is plotted in Fig. 7. Note that for

I I I I I I I I I I I I I

7.0

A1

CO

th

6.0—

I I I I I I I I I I I I I I I

4.0 5.0 6.0 7.0 8.0 9.0 1 0.0 1 1.0
d (a.u.)

Al

FICs. 5. The dependence of binding energy and cluster pa-
rameters r and s on intercluster distance in Mg&..Mg interacting
clusters.

FIG. 6. Cieometry of interacting A12Mg clusters. The planes
of the two clusters are perpendicular to each other.
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HOMO-LUMO gap of nearly 2 eV, while the correspond-
ing gap in A12Mg is practically zero. This is caused not
only because the electron energy levels of Mg and Al
atoms are different (see Fig. 8), but also the planar
geometry of the A12Mg cluster leads to a larger rear-
rangement of energy levels due to the Jahn-Teller e6'ect.

C. The role of electronic structure

7.0—
6.0—
6.0—

I I I I I I I I I I I I I I I I I I

0.0 2.0 4.0 6.0 8.0 1 0.0

d (a.u.}

FIG. 7. Binding energies of two interacting A12Mg clusters
and geometrical parameters as a function of intercluster dis-
tance.

d &4ao, there are minimal changes in the geometry of
the individual Al&Mg clusters. At shorter distances, the
interaction between the Al atoms increases rapidly, and
the geometry of the (A12Mg)z undergoes significant
modification. The binding energy per atom of (A12Mg)z is
nearly 0.5 eV. These results should be compared with the
interacting Mg4-Mg4 clusters in Fig. 4. Recall that the
binding energy of (Mg4)z is only 0.1 eV/atom, and the
geometry of Mg4 remains practically unchanged. Thus,
even though both AlzMg and Mg4 have eight valence
electrons, their mutual interactions are quite difterent. It
is clear that the geometry and composition of a cluster
has a significant role to play on the chemistry of a cluster.

The diFerent reactivities of AlzMg and Mg4 clusters
can be understood by comparing their electron energy
levels (see Fig. 8). Note that Mg& is characterized by a

The role of electronic structure alone can be illustrated
by comparing the energetics of interaction between two
A13 clusters with that of the two A12Mg clusters discussed
above. Note that while both AlzMg and A13 have tri-
angular geometries, they have a diFerent number of
valence electrons. In Fig. 9, we plot the binding energy
per atom, KE = [ E( Al 3Al 3)-2 E( Al 3) ] /6, of two interact-
ing A13 clusters as a function of intercluster distance d.
The two A13 cluster are brought toward each other in the
same manner as that shown in Fig. 6. As in the case of
A12Mg:AlzMg interaction, we also optimized the bond
lengths r and s at each distance d of the interacting
A13..A13 clusters. The variation of these parameters is also
plotted in Fig, 9. Note that there are two minima in the
binding energy as the A13 clusters approach each other.
One of the minima corresponds to a configuration where
the central four atoms lie on a plane, while the other
minima arises when the two sets of atoms are at a dis-
tance. Both states are nearly degenerate, and the equilib-
rium geometry given earlier by Upton corresponds to
the first configuration discussed above. The parameters
listed in Table II correspond to the first configuration.
The binding energy of (A13)2 is about 0.6 eV/atom, and is
comparable to the 0.5 eV/atom found in (A12Mg)2. The
geometries of A13 clusters also undergo changes similar to
those found in Fig. 7. We further note from Fig. 8 that
the energy levels of A13 clusters are not too diFerent from
those of A12Mg. This clearly indicates that the geometry
of a cluster is indeed an important factor in cluster reac-
tivity.
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FIG. 8. Energy levels of Al, Mg, Mg4, A12Mg, and A13 clus-
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FIG. 9. Binding energies of two interacting A13 clusters and

geometrical parameters as a function of intercluster distance.
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IV. DESIGN OF STABLE CLUSTERS

From the above discussion, it is clear that both the
electronic shell structure and geometrical structure of
clusters should be taken into account while designing
chemically inert clusters. %'e should point out, at this
stage, that the importance of atomic structure of clusters,
with regard to their stability, was noted by Martin
et al. ' in an experiment involving Cs clusters. They
found that while the enhanced stability of small clusters
was dominated by the electronic shell structure, the
atomic shell structure was important for the relative sta-
bility of large clusters. Thus, in designing clusters to form
cluster materials, it is important to pay attention to both
geometry and electronic structure. In the following, we
discuss the design of two different kinds of clusters suit-
able for assembling into a material.

B

FIG. 10. Icosahedric structure of the Al}3 cluster. Also
shown are the on-top ( T), bridge (8), and hollow (C) directions.

A. Weakly bonded clusters

%'e first discuss the design of very stable and chemical-
ly inert clusters. We begin with the A1, 3 cluster as an ex-
ample, and demonstrate how it can be modified to satisfy
the design criteria. It has been shown earlier that the
preferred atomic structure of the Al&3 is an icosahedron
(Fig. 10), which is the most compact structure the 13-
atom cluster can have. Using the method described in
Sec. II, we have calculated the atomic structure, binding
energy, and electronic properties of the Al&3 cluster, and
have compared these to previous calculations ' in
Table III. The agreement between various theoretical re-
sults is satisfactory considering that they correspond to
various levels of the approximation. While the Ali3
satisfies the compact geometry requirement, it has 39
electrons, one short of closing the outermost shell. Con-
sequently, it is reactive.

The icosahedric Al» cluster could be made more
stable, as well as chemically inert, by suitably doping a
tetravalent impurity atom such as C. The compound
clusters A1,2C have 40 electrons —just enough to close
the last electronic shell. To locate possible sites for the
impurity atom, it is instructive to compare the binding
energies of A12 and A1C dimers. In Table IV, we cora-
pare our calculated binding energies and bond lengths of

these dimers with experiment and previous calculations.
The agreement with experiment, as well as the previous
ab initio result, is very good. Note that the calculated
binding energy of A1C is larger than the A12 binding ener-
gy. (It is likely that the experimental binding energy of
Alc may need revision. ) Thus it is expected that the im-
purity atom C would tend toward a site where it can be
coordinated to the maximum number of Al atoms. We
have, therefore, reoptimized the bond length of Al, zC by
placing the impurity atom at the center of the icosahed-
ron. Similar calculations were also carried out for Al, 2Si.
The resulting bond lengths and binding energies are given
in Table V. Both Al, zC and Al&zSi clusters are more
strongly bound than the Al» cluster. Al&2C is the most
stable cluster, with a binding energy that is 4.4 eV higher
than that of Al, 3. These magic clusters are also charac-
terized by a large HOMO-LUMO gap and ionization po-
tential.

To study the relative reactivity of these clusters, we
have calculated the binding energies of a hydrogen
atom brought toward the Al&3 and Al, zC clusters along
various directions (on top, hollow, and bridge). For each
hydrogen distance, the icosahedric bond distance was op-

TABLE III. Comparison of our calculated nearest-neighbor distance, binding energy, and the ion-
ization potential of the Al&3 cluster with previous results. The nearest-neighbor distance and cohesive
energy of bulk Al are 5.40 a.u. and 3.39 eV, respectively.

Authors

Present
Cheng, Berry, and Whetten
Yi et al.
Gong and Kumar
Seitsonen et al.
Dunlap

Method

Gaussian-LSD
DVM-X
CP-LD
DVM-LD
CP-LSD
Gaussian-LSD

Nearest-
neighbor
distance

(a.u. )

5.07
5.25

5.32
4.95
5.02

Binding
energy/atom

(eV)

2.82
2.80
2.97
2.77
3.21
3.04

Ionization
potential

(eV)

7.2
6.0
7.15
7.10
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Cluster

A12 bond length
(a.u. )

binding energy
(eV)

Present

4.75

0.90

Ref. 24

5.12

0.63

Experiment

4.84

0.78

AlC bond length
(a.u. )

binding energy

3.74

2.00

3.78

1.60

3.68

0.93

TABLE IV. Comparison of our calculated binding energy
per atom and bond lengths of Al&, AlC, and AlK dimers with
experimental and previous theoretical values.

Cluster

A1)3H

Al»CH

H2

Location
of H

on-top
bridge
on-top
bridge
hollow

Radial distance
of the icos.

(a.u. )

5.06
5.06
4.78
4.78
4.78

Distance of Binding
H to the energy

nearest atom of H
(a.u. ) (eV)

2.97
3.33
3.02
3.44
3.36
1.46

2.67
3.24
2.17
1.50
1.46
4.85

TABLE VI. Binding energy and preferred site of H interact-
ing with Al» and Al»C clusters.

A1K bond length
(a.u. )

binding energy
(eV)

7.38

0.57

TABLE V. Energetics and bond lengths of Al»C, Al»Si, and
Al&3 clusters.

Cluster

Al)3
Al»C
Al)2Si

Radial distance
of the icos. (a.u.)

5.06
4.78
5.05

Binding energy/atom
(eV)

2.82
3.16
3.02

timixed. The binding energies of H and its distance from
the nearest Al in Al&3 and Al&2C clusters are listed in
Table VI. We note that the preferred sites, among those
studied for H interacting with Al, zC and A1,3 clusters,
are the on-top site and the bridge site, respectively. In
addition, the binding energy of H bonded to A1~3 is 3.24
eV. This is significantly larger than the binding energy of
2.17 eV when H is bonded to Al, zC. These binding ener-
gies should be compared with the binding energy per
atom of the H2 molecule, which in our local-density-
functional calculation is 2.4 eV. Thus, it is energetically
favorable for a Hz molecule to dissociate and bind atomi-
cally to the Al» cluster, while such a dissociation on the
Al&zC cluster is not possible. One could argue that the
Al&2C cluster will remain inert toward Hz as a result of its
closed electronic shell. This finding is consistent with an
earlier experimental result of Leuchtner, Harms, and Cas-
tleman, ' where the authors exposed Al„and Al„clus-
ters to oxygen. They observed that while the Al&3 cluster
reacted strongly with Op Al&3 did not. Note that
Al&3, like Al&2C, has 40 valence electrons.

Further evidence of the inertness of Al&2C has come
from recent computer simulation studies by Kawai. Us-
ing the Car-Parrinelo quantum molecular-dynamics tech-
nique, these authors studied the interaction between two
A1,2C clusters, as well as between two Al»Si clusters.
They found that the structure of Al&zC clusters remained
uanffected, testifying to its stability and chemical inert-

ness. However, they observed that when two A1&gSi clus-
ters were allowed to interact, their individual geometries
changed. This result is in agreement with a recent study
by Seitsonen et al. The reason for Al, zC to retain its
structure while Al&2Si cannot, when allowed to interact,
can be traced to their respective binding energies. Al&2C
is 1.9 eV, more strongly bound than Al&2Si. Moreover,
the cohesive energy of Al metal is 3.19 eV, which is
smaller than the binding energy difference between A1&2C
and Al, 3. It is thus likely that Alj2C clusters can be as-
sembled to form another solid. The interesting question
then arises: what would the electronic properties of a
crystal assembled from A1,2C clusters be like? It is clear
that a bulk Al with S%%uo C impurities would remain metal-
lic. Would a crystal of Al, 2C clusters be metallic?

While no electronic band structure and cohesive ener-

gy calculations of crystals with Al, 2C clusters as building
blocks have yet been carried out, a qualitative inference
can be drawn from a recent model calculation by Man-
ninen et aI. Here the authors calculated the energy-
level structure of a fcc crystal where each lattice site was
occupied by a jellium cluster of radius R. The potential
of each of these clusters was given by a square-well form

V(r)= Vo, r ~R

r~R,
(9a)

where Vo= —P —e~, P being the work function of Al,
and ez is the Fermi energy measured from the bottom of
the conduction band.

The electron energy levels of the fcc crystal for various
values of R and different jellium cluster densities were
calculated. For the sake of brevity and completeness, we
give the energy-band structure for a fcc cluster material
with a lattice constant equal to 11.7 A. This is designed
to simulate a crystal of A1,2C clusters. The band struc-
ture of this model cluster is shown in Fig. 11. The energy
bands are rather narrow with a band gap of 0.5 eV. This
suggests that a crystal assembled with Al&pC clusters is a
semiconductor. It will certainly be interesting to carry
out a band-structure calculation in which real icosahedric
Al&2C clusters are arranged at lattice sites of difFerent
crysta11ine forms. Maximization of the cohesive energy
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FIG. 11. Band structure of a fcc solid constructed with a
cluster modeling Al&2C cluster.

8. Ionically bonded clusters

In the previous discussion, we demonstrated that clus-
ters can be prevented from coalescing by requiring that
they be chemically inert. However, the cohesive energy
of solids composed of such weakly interacting clusters

can point to the most stable crystal lattice. An experi-
mental investigation of the stability and reactivity of
Al, zC clusters would also be useful.

Above we discussed assemblies of inert clusters corn-
posed of two different kinds of atoms. One could also en-
vision assemblies of inert clusters consisting of only one
kind of atom. For example, Mg4, and K8 will fall into
this category as both clusters have eight electrons each
and therefore correspond to magic species. In Sec. II we
discussed the interaction of two Mg4 clusters approach-
ing along a fixed direction. Although the structural com-
ponent of the clusters remained essentially unchanged,
there were significant differences in the HOMO-LUMO
gap. In the Mg4 cluster, the HOMO-LUMO gap is 1.95
eV, while in the (Mg~)2 cluster the HOMO-LUMO gap
reduces to 0.72 eV. This raises an important question. If
a crystal of Mg4 clusters could be produced, would the
HOMO-LUMO gap be reduced to zero, and would the
corresponding cluster solid become metallic? Recall that
the Mg atom is a closed-shell species, but that the Mg
crystal is metallic. Second, we have allowed only the Mg4
clusters to have a specific trajectory for approach. Are
there other preferred directions and, if so, would that
compromise the structural integrity of the cluster itself?
To answer some of these fascinating questions,
molecular-dynamics studies of several interacting Mg4
clusters would be useful. It is hoped that this paper will
stimulate such an undertaking.

TABLE VII. Geometrical parameters and binding energies
of Al», AI », and Al&3K clusters.

Cluster

Al»
Al»
KA1»
(on-top)
KA1»
(bridge)
KAll3
(hollow)

Bond length
(a.u. )

5.06
5.05
5.05

5.05

5.05

Binding
energy/atom

(eV)

2.82
3.11
2«42

2.89

3.04

Distance
of K atom

{a.u. )

10.60

9.52

9.20

would be rather small. Crystals of clusters with larger
cohesive energies can be constructed if the clusters in-
teract via ionic, covalent, or metallic bonding. In this
section we discuss one such possibility.

Consider a KA1, 3 cluster. It has the same number of
valence electrons as Al&2C, but its geometry is entirely
different. We expect the K atom to reside outside the
A1&3 cluster for two reasons. First, the A1,3 cluster is
icosahedric, and there is no room inside the icosahedron
to accommodate. a large atom such as K. Second, it is
not energetically preferable for K to replace any of the Al
atoms in the AlI3 cluster, since the binding energy of KA1
dimer is much lower than the binding energy of A12 (see
Table IV).

To And the location of the K atom, we have calculat-
ed the energetics of interaction between the A1$3 cluster
and K by bringing K along three possible directions, as
shown in Fig. 10. The binding energies of the KA1&3 clus-
ter, as a function of distance between K and A1,3, along
the on-top, hollow, and bridge directions were calculated
by optimizing the nearest-neighbor distance between Al
atoms in the Al&3 cluster for each K position. The results
of the icosahedric bond lengths and the preferred dis-
tance of K from the center of the Al» icosahedron, as
well as the binding energy for various configurations of
the K atom, are given in Table VII. We note that the
binding energy is maximum for K situated along the hol-
low direction at 9.20 a.u. , away from the Al&3 center.
The binding energy of 3.04 eV of K in Al&3K is substan-
tially larger than that in the KAl dimer.

This large binding energy between K and Al» is a
consequence of a strong ionic bond between K and A1,3.
This can clearly be seen from the following considera-
tions. The Mulliken charge analysis yields a charge of—1 on A1,3 and +1 on K. Second, the electrostatic at-
traction between two charges located at distance of 9.20
a.u. (the distance between the center of Al» and K) is
2.96 eV, which is almost identical to the binding energy
of 3.04 eV, calculated self-consistently (see Table VII).

The strong ionic bond that stabilizes the KA1&3 cluster
can be understood by noting that the chemistry of the
Al&3 cluster is similar to that of the Cl atom. The elec-
tron aSnity of the Al&3 cluster from Table VII is 3.7 eV,
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and is almost identical to the electron amenity of the Cl
atom, which is 3.6 eV. Both Al» and Cl have one hole in
their outermost electronic shell. The strong ionic bond
between KCl arises since K is electropositive while Cl is
electronegative. In an analogous way, KA1» also forms a
strong ionic bond. One of the major differences between
Al]3 and Cl is that the size of the Al&3 cluster is about
four times larger than the Cl atom. Thus it is expected
that a crystal consisting of K and Al» building blocks
would possess a large lattice constant.

Unlike in a Al, 2C crystal, where the individual Al]2C
clusters are kept apart due to van der Waal*s interaction,
in a KA1» crystal the Al» clusters will carry a negative
charge and can stay away from another Al» cluster due
to electrostatic repulsion. The structure of the KA1»
crystal would most likely be a body-centered-cubic lattice
similar to CsCl (see Fig. 12).

We have estimated the cohesive energy of a bcc KA1»
cluster by using the formula'

2

U„,/X =Zk exp( —Ro/p) —a (10)

FIG. 12. bcc crystal structure of KAl».

where N is the number of ion pairs carrying charge q, Z
is the number of nearest neighbors of any ion, and cx is
the Madelung constant. Ro is the nearest-neighbor dis-
tance. The parameters A, and p define the repulsive part
of the interaction. For KC1, the repulsive part of the in-
teraction is only 10% of the cohesive energy. In a bcc
crystal of Al»K, a nearest-neighbor distance of 9.20 a.u.
will keep the nearest Al atoms at a distance of 5.06 a.u.
This is nearly equal to the nearest-neighbor distance in
bulk Al. With this lattice constant, Eq. (10) yields the
cohesive energy of KA1» to be 5.2 eV. This is indeed
large.

There are several astonishing aspects of the above re-
sults. Previous studies ' have shown that K is immiscible
with Al and, in the molten state, only 0.05%%uo of K can be
dissolved in Al. In other words, the phase diagram of

K Al, „does not yield a KA1» phase. This result is un-
derstandable since the KA1 bond, as discussed, is much
weaker than the Al-Al bond. Thus it is energetically un-
favorable for K to occupy a substitutional site. However,
if the synthesis technique is modified from assembling
crystals from atoms to crystals from clusters of KAl», an
additional crystal phase is possible. The bonding, as out-
lined above, will be strong due to the ionic nature of K
and Al».

V. CONCLUSIONS

This paper has focused on the possibility that atomic
clusters of suitable size and composition can be designed
in such a way that they can retain their geometry, even
after they are allowed to interact with each other. Such
clusters can then form building blocks for an additional
class of materials. It is expected that the properties of
these cluster-assembled materials can be very different
from other materials that have atoms as building blocks.
The variations in cluster size, composition, and geometry
can then give rise to a generation of cluster materials
with tailored properties.

Using the density-functional theory and molecular-
orbital method, we have studied the role of geometry,
electronic structure, and symmetry on cluster stability
and reactivity. The binding energy and changes in clus-
ter geometry were calculated by allowing various clusters
to interact with each other. We have found that electron
shell filling, as well as geometrical packing, do inAuence
the stability of clusters. The reactivity of clusters are
infiuenced to a varying degree by the binding energy,
HOMO-LUMO gap, ionization potential, and electronic
and atomic structure. It is important to consider all
these factors in designing clusters suitable for synthesiz-
ing cluster materials.

Weakly interacting clusters can be designed by requir-
ing that the total number of valence electrons equal one
of the magic numbers of the jellium clusters. This can be
achieved by suitably changing the number and type of
atoms forming the cluster. We have demonstrated that
clusters such as Al&2C can exhibit unusual stability due to
their compact icosahedric structure and electron shell
closure. These clusters interact very weakly with each
other and can form the basis for synthesizing material
with A, 2C clusters as building blocks. It is expected that
a crystal of Al&2C units arranged in a fcc lattice structure
would be a semiconductor.

More strongly bound cluster solids can also be syn-
thesized where the clusters are so designed that they stay
away from each other due to electrostatic repulsion. As
an example, we studied the electronic structure and sta-
bility of Al»K cluster. The binding energy of K to Al»
was found to be 3.04 eV. This is surprising because K is
immiscible in bulk Al, and the binding energy of AlK di-
mer is rather small compared to the binding energy of
A12. The unusual binding energy of Al»K is due to the
fact that this bonding is characterized by an ionic in-
teraction. Al» is electronegative, while K is electroposi-
tive. In the Al»K cluster, A1&3 exists as an Al» and K
exists as a K+ ion. In this sense, the chemistry of Al»



13 716 S. N. KHANNA AND P. JENA 51

strongly resembles that of a Cl atom. It is argued that a
bcc crystal of Al&3K may exist with a cohesive energy per
pair of nearly 5 eV. This indeed would be remarkable
since the cohesive energy of neither bulk Al nor K is this
high, and K is immiscible in Al. It will be interesting to
see what electrical and optical properties a crystal of
Al&3K may have.

It is expected that clusters whose properties may mim-
ic those of atoms in the Periodic Table may provide a
third dimension to the Periodic Table with the size and
composition defining the third dimension. It will be

highly rewarding if some of the clusters such as Al]2C
and A1,3K can be synthesized in large enough quantities
to form cluster materials. The properties of cluster-
assembled materials will certainly give a new dimension
to materials science in years to come.
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